In high temperature polymer electrolyte fuel cells, at high current densities, phosphoric acid (PA) migrates toward the anode and invades catalyst, microporous and gas diffusion layers (GDL). This work studies this PA redistribution using synchrotron based operando X-Ray tomographic microscopy (XTM) and electrochemical impedance spectroscopy (EIS) during a current cycling protocol. It is shown that under reformate conditions, during the first 2 minutes after a positive current step, the cell voltage increases due to better wetting of the anode catalyst layer (CL). From 2 to 20 minutes, the cell voltage drops due to increasing mass transport losses in the microporous layer (MPL) and the GDL. At the anode, cracks in MPL and CL, both with widths up to 150 μm, are flooded within 2 minutes after a current density increase. Acid flooding is only observed for MPL cracks that overlap with CL cracks. The CL cracks therefore act as injection points for the flooding of the MPL cracks and the gas diffusion layer. No change in the PA content of any of the cathodic porous components was observed.
High temperature polymer electrolyte fuel cells (HT-PEFCs) use a polybenzimidazole membrane, imbibed with phosphoric acid (PA) as electrolyte. [1] [2] [3] [4] Unlike PFSA-type membranes, where the conducting group is bound to the base polymer, 5 the bulk of the electrolyte is highly mobile and only a fraction is interacting with the polymer. 6, 7 The mobile fraction increases with increasing doping levels of the membrane, as only 2 phosphoric acid molecules per PBI unit interact with the membrane. 8, 9 This high degree of mobility allows for a redistribution of phosphoric acid within the membrane electrode assembly (MEA).
This redistribution process does not depend only on MEA material parameters, such as the membrane doping level, 10, 11 but is also a function of operation parameters, especially of the current density. Eberhardt et al. 12 showed the invasion of the anode gas diffusion layer (GDL) and the anode flow field after increasing the current density for the first time and were confirmed by similar findings by Becker et al., 13, 14 and Henkensmeier et al. 15 This process of acid redistribution into the anode GDL and flow field channel leads to a loss of phosphoric acid over time. Loss of electrolyte is a major limitation for the lifetime of a HT-PEFC, especially when factoring in the DOE target for combined heat and power applications of 60'000 hours of operation for 2020.
The flooding of the anode GDL is also a concern for the performance of a HT-PEFC due to an increase of anodic mass transport resistance induced by phosphoric acid flooding. A similar problem is known in low temperature PEFC, where liquid water is produced at the cathode. The product water has to be removed through the cathode GDL and it is well known, that this flooding of the cathode is affecting the performance of a LT-PEFC and therefore different research groups are working on this water management issue in LT-PEFC. [16] [17] [18] Such an increasing mass transport was observed by Halter et al. 19 by performing EIS measurements in HT-PEFC under conditions with diluted hydrogen, reflecting reformate operation. They observed an increase in the low frequency regime after a positive current step with a similar time constant, as was observed by Eberhardt et al. 12 with XTM for the GDL flooding.
Common methods for studying phosphoric acid redistribution in operando HT-PEFCs are X-Ray radiography, 20, 21 X-Ray tomo-graphic microscopy (XTM), 11, 12 neutron imaging 22 as well as electrochemical methods such as electrochemical impedance spectroscopy (EIS). 19, [23] [24] [25] [26] Becker et al. studied the phosphoric acid redistribution in hydrogen pumping mode within the membrane by using platinum micro electrodes embedded in the membrane. 14 Furthermore, post mortem optical emission spectroscopy with inductively coupled argon plasma (ICP-OES) was utilized to study the redistribution within the MEA by Wannek et al. 27 Another common approach is to combine XTM imaging with pore network modeling (PNM). Chevalier et al. 28 combined synchrotron based XTM with PNM to investigate phosphoric acid redistribution within the gas diffusion electrode. Bevilacqua et al. 29 performed phosphoric acid injection experiments into gas diffusion layers and combined it with PNM, in order to investigate the influence of different types of gas diffusion layers and MPLs.
Both XTM and EIS are utilized in this work, but for the first time, they are performed simultaneously to directly correlate images and electrochemical properties and furthermore, other than in previous works, the XTM parameters were chosen as such to enable imaging of phosphoric acid not only in the GDL, but analyze also the microporous and catalyst layers.
In order to flood the anode GDL, phosphoric acid has to be transported from the membrane through the catalyst and the microporous layers. The pore sizes of these layers are too small to be resolved with operando XTM, however, both of these layers contain cracks with widths up to 150 μm. Phosphoric acid saturation and redistribution in these cracks is analyzed and presented in this work. This allows examining the entire phosphoric acid pathway from the membrane to the flow field channel and also to determine the time constants for phosphoric acid flooding of all layers within this pathway.
Furthermore, imaging of phosphoric acid in the cracks of the catalyst layers allows studying the influence of phosphoric acid redistribution on the performance of HT-PEFCs in more depth. As previously described by Halter et al., 19 an increase in current density triggers an increasing mass transport resistance as observed by EIS. However, this increase in mass transport resistance was not reflected in the overall cell voltage. It was speculated that this observation arises from the fact, that the mass transport losses are compensated by improved kinetics due to better wetting of phosphoric acid in either catalyst layer. Indirect imaging of changes of phosphoric acid in both catalyst layers is used to further elucidate this phenomenon. 
Experimental
General.-All experiments were performed with materials from BASF for the membrane electrode assembly (MEA). A Celtec MEA consists of a PBI membrane doped with phosphoric acid with a thickness of 100 μm. The electrodes consist of Vulcan XC-72 supported platinum catalyst with a Pt loading of 1 mg cm −2 for both anode and cathode. This electrode was coated on a SGL 38 gas diffusion layer (GDL) including a microporous layer (MPL). The MEA was assembled and hot-pressed for 30 seconds at 140
• C with a constant gap of 800 μm. A specially designed HT-PEFC cell for XTM imaging with a circular active area of 20 mm 2 was used for all experiments. 30 In the cell-build reported here, the channels of the anode and cathode flow fields are slightly contorted i.e. not completely parallel to each other. MEA compression was limited by two 320 μm PFA gaskets and a GDL compression of 20% was thus obtained.
A break-in procedure was carried out for 2 hours at a cell temperature of 160
• C and at 0.2 A cm 2 using 20 ml min −1 of hydrogen at the anode and 20 ml min −1 of oxygen at the cathode. The anode gas composition was then changed to 10% H 2 in N 2 with a constant total flow rate of 50 ml min −1 and the break in continued for 1 hour at 0.2 A cm 2 for equilibration purposes. Both anode and cathode gases were humidified at room temperature. All experiments were then carried out with these gas compositions at anode and cathode. After the break-in, a current cycling protocol, as shown in Figure 1 , was performed which involved two positive current steps (from 0.2 A cm −2 to 0.8 A cm −2 ) with a holding time of 70 min at 0.8 A cm −2 for the first positive current step and 50 min for the second positive current step and a negative current step (from 0.8 A cm −2 to 0.2 A cm −2 ) in between with a holding time of 50 min at 0.2 A cm −2 . For the simultaneous EIS/imaging experiments, EIS Spectra were acquired 1 minute after the current step, then every 2 minutes by applying an AC voltage of 30 mV in the frequency range from 100 kHz to 100 mHz with 5 points per decade. Diluted hydrogen (10% H 2 in N 2 ) was used at the anode and pure oxygen at the cathode. This gas composition was chosen in order to observe mass transport limitations at the anode. A more detailed description of the EIS method and effects of the chosen gas composition on general performance was reported in Ref. 19 .
The flooding of the catalyst layers (CL) and the microporous layers (MPL) was evaluated for the first positive current step between T1 and T2 by performing XTM scans every 2 minutes for the first 10 minutes after the positive current jump, every 5 minutes from minutes 10 to 20 after the current jump and then every 10 minutes for the remaining time of the current jump. Flooding of the anode GDL was evaluated for the second positive current step, where additionally to XTM, Electrochemical impedance spectroscopy was measured as described above.
XTM image acquisition.-X-Ray tomographic imaging was carried out at the TOMCAT (Tomographic Microscopy and Coherent rAdiology experimenTs) beamline at the Swiss Light Source (SLS). Polychromatic radiation with a peak energy of about 30 keV was used for all experiments. The sample was placed about 10 mm from the (150 μm thick LuAG:Ce) scintillator and for each tomographic scan, 2001 projections were acquired during 180
• rotation with an exposure time of 11 ms each resulting in a total scan time of 22 s. The images were magnified by a 2-4x continuous zoom microscope system (Elya Solutions). The magnification was set to 2.8x. A sCMOS camera (PCO.edge) with a chip size of 2560 × 2160 pixels was used with a resulting voxel size of 2.3 μm for all tomograms, which were reconstructed using a Fourier based algorithm. 31, 32 Dark-and flatfield corrections were used for all tomographic scans.
XTM image processing.-Two different image processing pathways were used: i) segmentation and/or thresholding to determine the phosphoric acid content in the GDL and in the cracks of MPL and catalyst layer and ii) average gray scale value (GSV) evaluation for determination of the acid content in the catalyst layers.
For the segmentation/thresholding pathway, image processing was performed with a combination of Fiji (freeware), MATLAB and 3D Slicer (freeware). The reconstructed images were divided into GDL, MPL and CL for anode and cathode each. To gain information about the redistribution of phosphoric acid, the scans were aligned to the reference scan (at time T1) prior to the first positive current jump using 3D Slicer. The reference scan at T1 was then subtracted from the later scans and these differential images were further filtered by applying a median (3D, 3px) and an anisotropic diffusion filter using MATLAB. After filtering, the subtracted scans were segmented into the void and phosphoric acid phases by thresholding. The segmented data were treated with a 3D clearing filter using MATLAB.
This procedure allows for quantifying the changes in phosphoric acid redistribution in consecutive scans. For the segmentation of the reference scan at T1 into carbon and void phases, the same filtering and segmentation pipeline was used for the GDL part as described above. The segmentation of the cracks in the microporous and the catalyst layers was done manually.
A region of interest of 1209 × 1632 pixels (2781 × 3754 μm) was chosen to study the redistribution of phosphoric acid in the GDL; for the analysis of the phosphoric acid redistribution within the cracks of the MPL and CL, a region of interest of 1077 × 1077 pixels (2477 × 2477 μm) was chosen.
For the mean GSV evaluation of the acid content and acid concentration changes in the catalyst layers, an initial volumetric composition of the catalyst layer was assumed to be as follows: 50 vol. % empty pore volume, 20 vol. % initial phosphoric acid content with an initial concentration of 100 wt. %, 0.1 vol. % platinum and 29.9 vol. % carbon. With a voxel edge length of 2.3 μm, this volumetric composition creates a sub-voxel composition of layers of each materials with layer thickness of 1.15 μm for void, 0.46 μm for phosphoric acid, 0.002 μm for platinum and 0.688 μm for carbon.
In order to compare the mean GSV in the catalyst layers between scans at different time steps, one representative slice in the middle of the CL was chosen. To compensate for small overall GSV variations in consecutive scans, the mean GSV in the CL slice was compared to the mean GSV of a slice in the cathode flow field as a reference. The cathode flow field was chosen as reference, because phosphoric acid, which is the only mobile phase, was never observed in the cathode flow field during the entire current cycling experiment.
The linear attenuation coefficients for the polychromatic radiation used were approximated with the linear attenuation coefficients at 30 keV for each material. The linear attenuation coefficients of 100 wt. % phosphoric acid was set to 1.02 cm −1 , 33 the one of water to 0.14 cm −133 and of the void to 0 cm −1 . The volume of the platinum and carbon phases were assumed to be constant. At time T1, the attenuation of a voxel of the catalyst layer, which can be considered as its gray scale value (GSV) can be described as follows:
[1] where I 1 is measured intensity, I
1 0 is the intensity measured without sample, μ 1 is the linear attenuation coefficient and x 1 is the layer thickness in the sub-voxel volume for each material at time T1. This correlation also holds for later time steps (i.e. T2).
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[2] The difference in GSV between the two scans can be described as follows:
When assuming no changes in the contribution of platinum and carbon and by setting the attenuation coefficient of the void to 0 (s. Equation 4), the difference in GSV between two scans only depends on the volumetric fraction and the attenuation coefficient of phosphoric acid (s. Equation 5 ). The same argumentation can be made for the mean GSV (mGSV) of a slice in a CL for scans at different time steps. For this analysis, a region of interest of 1077 × 1077 pixels (2477 × 2477 μm) was chosen.
Results
This section describes the results of the phosphoric acid redistribution in the MEA triggered by a positive current step. First, the phosphoric acid redistribution will be discussed separately for the invasion of the pores of the GDL, the cracks of the microporous and for the acid movement in the catalyst layers. Later, the influence of the phosphoric acid redistribution within these layers on the performance of a HT-PEFC will be analyzed.
Gas diffusion layer flooding and mass transport effects.-As shown in Figure 1 , two positive current steps were performed of which the first was held for 70 minutes and the second for 50 minutes, with a negative current step of also 50 minutes in between. Figure 2 shows a vertical XTM slices for the scans T1 to T4 (times as indicated in Figure 1 ).
After completion of the break-in at T1, it can be observed, that no phosphoric acid is found in either GDL. At the end of the first current step, the anode GDL and the flow field channel are flooded with phosphoric acid (T2). During the 50 min at low current density, the phosphoric acid content in the anode GDL and flow field channel is reduced (T3). The second positive current step causes again an increase of phosphoric acid flooding of both, the anode GDL and the flow field channels (T4). During the entire current density sequence no changes in the cathode GDL or flow field channels, respectively, were observed. The positive current step therefore triggers phosphoric acid movement toward the anode, while after decreasing the current density, the phosphoric acid amount in the anode GDL and flow field channel is reduced but not fully emptied.
These observations are well in line with the results of Eberhardt et al. 12 who investigated a similar current step protocol and observed the same correlation between current density and phosphoric acid content in the anode GDL and flow field channels.
When quantifying the additional amount of phosphoric acid in the anode GDL over time for the second flooding step (from T3 to T4) obtained from operando XTM, a steep, initial increase in PA content of the anode GDL is observed for the first 20 minutes, after which, the increase starts to level off at about 80 mm 3 cm −2 (see Figure 4) , which is similar to the values observed by Eberhardt et al. in the same time range.
It has previously been shown that when using diluted hydrogen simulating reformate conditions, an increase of mass transport resistance can be observed by EIS after a positive current steps, 19 hypothesized to be caused by acid saturation in the anode GDL. However this correlation could not be verified directly without simultaneous imaging. In order to substantiate this correlation of phosphoric acid flooding of the GDL and the mass transport effect at the anode, simultaneously to the XTM imaging, electrochemical impedance spectra were measured. The measured EIS spectra are shown in Figure 3 .
Only in the low frequency region (LFR) changes are observed, which can be correlated to increasing mass transport resistances under the chosen operating conditions (10% H 2 in N 2 ). The occurring changes in the LFR are normalized (1 min = 0%; 45 min = 100%) and are plotted in Figure 4 . Previous data from a differential 2 cm 2 cell, where the LFR was measured with higher temporal resolution (for experimental details see) 19 are shown for comparison together with the normalized EIS data from the 0.2 cm 2 XTM cell as well as phosphoric acid changes in the anode GDL on an absolute and normalized scale.
As seen in Figure 4 , for the LFR responses and the PA content of the GDL, a similar temporal behavior is observed. In order to quantify the temporal evolution, a time constant was fitted using the following function: where t is the time, a and c are fitting parameters and b is the time constant, which was determined for all normalized data sets. All time constants were found to be between 7 and 8 minutes, therefore showing a good agreement between EIS measurements and the flooding of the anode GDL. This shows that the described EIS method can be used to monitor the phosphoric acid flooding of the anode GDL after a positive current step. That is, for diluted hydrogen operation phosphoric acid saturation of the anode GDL can indeed be monitored by analysis of the LFR.
Flooding of the anode MPL cracks.-In order to flood the anode GDL, phosphoric acid has to be transported from the membrane through the catalyst and MPL layers. The microporous layer acts as an obstacle in this path, as the pores of the MPL are difficult to invade due to their small pore size below 1 μm 34 and the non-wetting nature of the phosphoric acid on PTFE. However, the MPL contains both elongated cracks and round uncoated areas (holes). Both features will be referred to from here on as cracks. These cracks have widths of up to 150 μm, which can be invaded at lower capillary pressures. The flooding of the MPL cracks seems to be a relatively fast process, as flooding of the first MPL cracks is observed already 2 minutes after a positive current step (see Figure 5 left). These cracks serve as a gateway for phosphoric acid to penetrate the MPL and therefore do not hinder the flooding of the anode GDL and are filled further with time.
The temporal behavior of the PA saturation in the cracks is shown in Figure 6 . An increase in saturation (in 2D) is observed for the first 20 minutes then the saturation levels off and only minor changes can be observed for the remaining 45 minutes, with the saturation stabilizing at 22 ± 2% (s. Figure 5 right). During this time, the filling of both, large and small cracks is observed. The error bars were determined by a threshold variation in the segmentation of ± 2%.
The time constant for the flooding of the MPL cracks was determined by using Equation 6 as a fitting function and determined to be 5.5 ± 1.0 min. Flooding of the catalyst layers.-The catalyst layer consists mainly of carbon supported platinum, phosphoric acid and void. The pores in the catalyst layer have a pore size below 1 μm, 35,36 which cannot be resolved with the current operando XTM voxel size. However, similar to the microporous layer described above, the catalyst layer also contains large cracks of up to 150 μm width and current XTM settings with a voxel edge length of 2.3 μm can be used to gain information about the phosphoric acid content in these cracks. The contrast of phosphoric acid and void is highly reduced inside these cracks due to the strong X-ray absorption of platinum, therefore, the initial state of phosphoric acid cannot be determined; however additional PA may be observed.
With the image subtraction workflow (see Experimental), the changes of the phosphoric acid content in both anode and cathode catalyst layer cracks can be determined. Figure 7 shows a slice of the differential image between the scans T1 and T2 for both the anode and the cathode catalyst layers (top) and the segmented changes of phosphoric acid content (bottom).
In the cathode catalyst layer cracks no changes of the PA content were observed during the entire cycling protocol while in the anode catalyst layer a significant increase in the phosphoric acid content in the cracks be can observed after positive current jumps. Already 2 minutes after the current step, the anode CL cracks show a significant increase in phosphoric acid content. A time constant of 0.9 ± 0.1 min can be determined using Equation 6 . This fast flooding of the anode CL cracks seems reasonable, on the one hand being close to the membrane bulk and on the other hand requiring low capillary pressure due to their large width. The fact that 2 minutes after the current step, phosphoric acid is also found in MPL cracks and to a small amount in the anode GDL supports the presence of phosphoric acid in the catalyst layer cracks. This is required in order to establish a continuous pathway from the membrane to the GDL.
However, when considering a very short interval of only 30 s after the current step the anode CL cracks show no changes. The mechanistic reason for this "delay" is unclear, but a phenomenon with a similar time delay was observed in EIS measurement in the 2 cm 2 cell, where EIS was measured with a time resolution of 10 s. For the first 30 seconds, a drop in the low frequency resistance was observed (see first green point in Figure 4 ). Both observations indicate that there is a counterforce to phosphoric acid migration, which is dominating during the first 30 seconds after the current increase. A possible explanation for this phenomenon is the following: due to the to the required capillary pressure for the flooding of the cracks in the catalyst layer, the phosphoric acid content at the anode side of the membrane is increased before the catalyst layer cracks are flooded, as acid pressure has to build up first.
In the anode catalyst layer, obviously, the acid filling of the cracks is current density dependent, which is relevant for the acid migration to the MPL and GDL. However this does not give any information about the acid wetting of the catalyst layer itself. As stated above, the pore structure of the catalyst layers cannot be resolved with the current XTM set-up with a voxel size of 2.3 μm. But, also without resolving the porous structure, information about the changes of phosphoric acid content in the CL bulk can be derived by analyzing the changes of the mean grayscale value (mGSV) in the catalyst layer after a current density step. To do so, a normalization of the mGSV was carried out, using the mean GSV of the cathode flow field as a reference (details see experimental section).
The changes in normalized mGSV of a slice in the center of the anode and cathode catalyst layers as function of time after the current step are shown in Figure 9 . In the anode CL, a drop is observed during the first 30 seconds, followed by a steady increase during the high current step. In the cathode CL, a drop in mGSV is observed during the first 6 minutes, again followed by an increase for the remainder of the high current step. The error bars in Figure 9 are given by the standard deviation of the GSV in the anode CL slice at time T1.
The changes in GSV in the bulk phase of the catalyst layers can be attributed to phosphoric acid, as it is the only mobile phase. Changes can be either due to a change in the amount of phosphoric acid in the catalyst layer or due to changes in its concentration. The differentiation of the two effects is not trivial; however, the following hypothesis can be made.
The changes in GSV in the cathode CL are attributed to the changes in phosphoric acid concentration. This is due to the fact, that after a positive current step, more water is produced at the cathode and therefore, a dilution of phosphoric acid can be expected. Also, no significant changes in the phosphoric acid saturation in the cracks of the cathode CL were observed; therefore acid movement from the cracks into the membrane or smaller pores of the catalyst layer bulk seems unlikely.
The changes in GSV in the anode CL are attributed to changes in phosphoric acid saturation. Even though the increased water transport through the membrane after the current jump may affect the GSV, the changing GSV in the anode catalyst layer is likely dominated by the increasing phosphoric acid content. The increased water production at the cathode is therefore assumed to not affect the phosphoric acid concentration at the anode. As at the same time, flooding of the anode CL cracks is observed. An increase in saturation of the bulk catalyst layer pores seems the most likely cause for an increasing GSV.
Based on these arguments, the mGSV changes in the cathode CL are assumed to be changes in phosphoric acid concentration and mGSV changes in the anode CL are assumed to be due to changes of phosphoric acid saturation. In order to estimate the change of saturation of phosphoric acid in the anode and the dilution at the cathode CL the following assumptions are made:
All changes on the anode are attributed to saturation changes of the CL pore space, assuming a constant acid concentration of 100 wt. %, which attributes then the mGSV changes to changes of the acid volume fraction only:
where μ PA is the linear attenuation coefficient for phosphoric acid with a concentration of 100 wt. % and x PA are the sub-voxel layer thicknesses of phosphoric acid at different times. The derivation for Equations 7 and 8 has been given in the experimental section.
At the cathode, all changes are attributed to the acid concentration at constant volume fraction. The changes in GSV at the cathode are interpreted as changes of the linear attenuation coefficient due to the changing ratio of the phosphoric acid/water mixture:
where the symbols have the same meanings as described for Equation 7.
As changes in attenuation coefficient in Eq. 8 are based on vol. %, in order to express the changes in wt. %, the ratio of the molar weights and densities of water and phosphoric acid have to be factored in.
Phosphoric acid volume fraction and concentration changes in the anode and cathode catalyst layers are shown in Figure 10 . In the anode CL an initial drop of the phosphoric acid content of about 1 vol. % in the first 30 seconds is observed. Afterwards the phosphoric acid content increases to a total content of 22.3 vol. % after 65 minutes, a relative increase of about 15%. The equilibrium state was not yet reached 1 hour after the positive current step. The lines in Figure 10 are time constant fits according to Equation 6 , for the flooding of the anode catalyst layer a time constant of 39 ± 7 minutes is determined.
In the cathode CL, phosphoric acid shows a dilution for the first 6 minutes where it reaches a minimum concentration of 99 wt. %. After that, the concentration increases again and reaches the initial concentration of 100 wt. % after 65 minutes. This increase may be related to phosphoric acid condensation and the time required to establish an equilibrium state after a current jump, as condensed species, such as H 4 P 2 O 5 , alter the attenuation coefficient of phosphoric acid. For the phosphoric acid dilution in the cathode catalyst layer, a time constant of 0.7 ± 0.1 minutes is determined. It should be noted, that the obtained time constants are independent of the assumption on the catalyst layer composition, which is only affecting the extent of these changes, but not their temporal behavior.
The path of phosphoric acid.-In the sections above, the phosphoric acid flooding of the anode as a response to a current step from 0.2 to 0.8 A cm −2 at 160 • C was discussed for the catalyst layer, the MPL and the GDL separately. However, in order to flood the anode flow field channel, where phosphoric acid loss is occurring, a phosphoric acid pathway from the membrane to the flow field channel has to be established. In this path, phosphoric acid has to penetrate all three layers, as discussed above. The goal of this section is to discuss the interplay of these layers and their role in the determination of the established phosphoric acid path. Figure 11 shows an overlay of the anode catalyst layer cracks (gray), the MPL cracks (white) and phosphoric acid found in the MPL cracks 65 minutes after the current step (red). It is seen that MPL cracks often overlap with the cracks in the catalyst layer, meaning that MPL cracks are often found above CL cracks, thereby creating a pathway for phosphoric acid from the membrane to the GDL. anode CL 39 ± 7 cathode CL (dilution) 0.7 ± 0.1 anode CL cracks 0.9 ± 0.1 anode MPL cracks 5.6 ± 0.9 anode GDL 6.8 ± 0.3
Furthermore, it can be observed that only those MPL cracks are invaded by phosphoric acid which have a connection to a CL crack. It therefore becomes obvious that it is not the cracks in the MPL that determine the paths of the phosphoric acid, but rather the cracks in the CL, as they act as a gateway for PA transport from the membrane to the MPL. Therefore, only MPL cracks above these gateways are invaded by phosphoric acid and only after crossing collocated MPL cracks phosphoric acid penetrates into the GDL and eventually reaches out to the flow field channel. By this process, continuous pathways from the membrane to the anode flow field are established and the location of these pathways is dominated by the CL cracks. This mechanistic view of acid transport is supported by the time constants of the acid saturation changes in the different layers. Table I shows a summary of the time constants for the phosphoric acid flooding of all involved layers. The changes in saturation are fastest in the catalyst layers (except for anode CL bulk), followed by the MPL cracks and finally for the saturation of the GDL.
The influence of phosphoric acid redistribution on cell performance.-The EIS measurement in Figure 4 shows an increase in the LFR, indicating an increasing mass transport resistance due to the flooding of the anode GDL when the cell is operated with diluted hydrogen, i.e. under simulated reformate conditions. Despite the similar time constants for the phosphoric acid flooding in the anode GDL determined by operando XTM and EIS measurements, the observed increasing mass transport resistances might not arise only from GDL flooding. The first EIS measurement was completed 1 min after the current jump, when flooding of the anode catalyst layer cracks already started to occur (time constant = 0.9 minutes). Therefore, the first EIS measurement which was used as reference already includes some mass transport losses due to flooding of CL cracks, as already significant changes in the catalyst layer have occurred. However, flooding of the MPL cracks and GDL pores with time constants between 5 and 8 minutes is slower, which is then reflected in the EIS measurements. Therefore, mainly mass transport losses due to GDL and MPL cracks flooding are captured by EIS. Figure 12 shows the cell voltage as function of time after a positive current step. Two trends can be observed. For the first 2 minutes, a strong increase in cell voltage is observed, which correlates well with the time domain for the changes of acid saturation in the anode catalyst layer cracks and the acid dilution in the cathode CL. This indicates that one or both of these processes lead to an improvement in cell voltage due to an improved wetting of the catalyst layer with phosphoric acid; thereby improving the kinetics. After 2 minutes, the cell voltage peaks and then drops during the next ca. 20 minutes, before leveling off. This drop in cell voltage is in the same time range as is observed for the GDL and MPL crack flooding. The observed voltage decrease can therefore be correlated with an increasing of mass transport resistance due to the migration of the acid into MPL cracks and the GDL. These mass transport losses are observed within the EIS measurement.
The influence of PA redistribution after a positive current step is therefore twofold: the changes of acid saturation in the anode catalyst layer and eventually those in acid concentration on the cathode side improve the cell voltage during the first 2 minutes by improving the kinetics, after which mass transport losses are occurring due to increased GDL and MPL PA saturation, which reduces the cell voltage for the next 20 minutes before cell performance reaches a new steady state.
Conclusions
Synchrotron based, operando X-ray tomographic microscopy was used to study the redistribution of phosphoric acid within a HT-PEFC MEA triggered by a positive current step. After the current density increase, flooding of the cracks in the anode catalyst layer, the anode MPL and the macro-pores of the anode GDL are observed. The cathode does not show any changes in its phosphoric acid content in either of these layers.
In the anode catalyst layer, the cracks get flooded with a time constant of about 1 minute. The cracks of the catalyst layer and the MPL are often positioned on top of each other (mainly related to the consecutive coating process of both layers). Only MPL cracks that overlap with those in the catalyst layer get invaded with phosphoric acid. It is therefore the catalyst layer cracks that are defining the location of the pathway of phosphoric acid from the membrane to the GDL. A change in the normalized GSV over time of the catalyst layers bulk material was found for both the cathode and the anode. This was interpreted as follows: at the cathode, the increased water production leads to a dilution of phosphoric acid with a time constant of 0.7 minutes. At the anode, phosphoric acid is invading the catalyst layer pore structure with a time constant of 39 minutes.
Similar to the catalyst layers, the MPL has cracks with a width of up to 150 μm. These cracks get flooded with phosphoric acid with a time constant of 5.5 minutes and equilibrate with a saturation of around 20%.
After penetration of the cracks in the anode CL and MPL, flooding of the anode GDL starts after about 2 minutes and equilibrates after 20 minutes with a time constant of 7 minutes. The flooding of the anode GDL results in an increasing mass transport resistance, which was measured by evaluating the low frequency resistance of the electrochemical impedance spectroscopy measurement. The change of the transport resistance has a similar time constant as the MPL crack and GDL flooding.
The effects of the described redistribution of phosphoric acid on the performance of the cell, operated under reformate conditions, i.e. diluted hydrogen, are twofold. During the first two minutes, an increase in the cell voltage is observed which is expected to be due to the better wetting in the anode CL cracks, which is improving the kinetics as well as the dilution of phosphoric acid in the cathode CL. From 2 minutes to 20 minutes, the cell voltage drops due to the increasing mass transport resistance induced by the flooding of the GDL and the MPL cracks. After 20 minutes, the cell voltage equilibrates, which is in line with the GDL/MPL cracks flooding time constants.
As acid migration into the anode GDL and gas channel is considered a degradation mechanism, the elucidation of the acid migration pathways paves the way for mitigation of this process. Future work will explore mitigation strategies, i.e. by tailoring crack density in the catalyst and MPL layers.
